Recent r e s e a r c h o n c a r b u r i z e d s t e e l s h a s d e m o n s t r a t e d a c o r r e l a t i o n between t h e toughn e s s p r o p e r t i e s o f a c a r b u r i z e d s t e e l and t h e f a t i g u e p e r f o r m a n c e i n combined l o a d t e s t i n g ( h i g h -c y c l e f a t i g u e p l u s o v e r l o a d ) .
( h i g h -c y c l e f a t i g u e p l u s o v e r l o a d ) . The d a t a p r e s e n t e d s u g g e s t t h a t , f o r a p p l i c a t i o n s where l o a d s above t h e f a t i g u e l i m i t a r e e n c o u n t e r e d , b o t h p r o c e s s i n g and a l l o y i n g must be c o n s i d e r e d . R e s u l t s from a number o f i n v e s t i g a t i o n s a r e reviewed t o i l l u s t r a t e t h a t h i g h -c y c l e f a t i g u e p r o p e r t i e s a r e c o n t r o l l e d p r i m a r i l y by t h e p r o c e s s i n g , w h e r e a s t o u g h n e s s c h a r a c t e r i s t i c s , s u c h a s r e s i s t a n c e t o random c y c l i c i o a d i n g , a r e a r e s u l t o f t h e a l l o y i n g .
CARBURIZING STEELS a r e g e n e r a l l y used i n heavy l o a d i n g a p p l i c a t i o n s where premium p e r f o r m a n c e c h a r a c t e r i s t i c s a r e a n e c e s s i t y . I n many i n s t a n c e s , t h e s i t u a t i o n i s o n e where random c y c l i c l o a d i n g c o n d i t i o n s a r e e n c o u n t e r e d .
An e x a m p l e i s t h e g e a r i n g employed i n v a r i o u s t y p e s o f t r a n s p o r t a t i o n e q u i p m e n t .
I n g e n e r a l , t h e s e a p p l i c a t i o n s c a n b e c h a r a c t e
r i z e d a s c o n s i s t i n g l a r g e l y o f a h i g h -c y c l e f a t i g u e component w i t h i n t e r m i t t e n t h i g h e r l o a d s r e s u l t i n g from s u c h t h i n g s a s a c c e l e r a t i o n , g e a r s h i f t i n g , r e s o n a n t v i b r a t i o n s o r o t h e r s u d d e n c h a n g e s i n o p e r a t i n g c o n d i t i o n s . I n t h i s p a p e r , t h i s l o a d i n g c o n d it i o n w i l l be r e f e r r e d t o a s "combined l o a d i n g " t o e m p h a s i z e t h e components i n v o l v e d , i . e . , t h e h i g h -c y c l e f a t i g u e p o r t i o n and t h e h i g h e r l o a d c o n d i t i o n s which w i l l be r e f e r r e d t o a s " o v e r l o a d s . "
From an e n g i n e e r i n g s t a n d p o i n t , combined l o a d i n g s i t u a t i o n s a r e d i f f i c u l t t o a n a l y z e .
I t is a l s o v e r y d i f f i c u l t t o e v a l u a t e t h e r e l at i v e c o n t r i b u t i o n s o f t h e f a t i g u e and o v e r l o a d p o r t i o n s o f t h e l o a d i n g s p e c t r u m .
Even when t h e s e d a t a a r e o b t a i n e d , t h e r e is v e r y l i t t l e i n f o r m a t i o n a v a i l a b l e o n t h e b a l a n c e o f p r o p e rt i e s r e q u i r e d t o s u s t a i n s u c h combined l o a d i n g . 
S p e c i f i c a l l y , t h e q u e s t i o n is: How d o e s o n e a p p r o a c h t h e f a t i g u e and t o u g h n e s s r e q u i r e m e n t s o f a p a r t i c u l a r a p p l i c a t i o n ?
I n a n e f f o r t t o d e t e r m i n e t h e n a t u r e a n d e x t e n t o f t h e b e n e f i c i a l i n f l u e n c e o f molybdenum o n c a r b u r i z e d s t e e l p e r f o r m a n c e , t h
i s l a b o r a t o r y h a s c o n d u c t e d numerous i n v e s t i g a t i o n s o n t h e e f f e c t o f v a r i o u s p r o c e s s i n g and a l l o y i n g v a r ia b l e s o n f a t i g u e a n d t o u g h n e s s r e l a t e d p r o p e rt i e s . I t is v e r y d i f f i c u l t t o s t u d y many i n d i v i d u a l e f f e c t s o f t h e s e v a r i a b l e s e v e n i n c o n t r o l l e d l a b o r a t o r y s i t u a t i o n s b e c a u s e t h e y a r e n o t e a s i l y i s o l a t e d from o n e a n o t h e r .
Howe v e r , a f t e r e x t e n s i v e r e s e a r c h a l o n g w i t h c o nf i r m i n g r e s u l t s from i n -s e r v i c e p e r f o r m a n c e , some g e n e r a l o b s e r v a t i o n s have been o b t a i n e d o n t h e r e l a t i o n s h i p between p r o c e s s i n g and a l l o y i n g and how t h i s r e l a t i o n s h i p i n f l u e n c e s p e r f o rmance.
One r e s e a r c h program h a s been e x t r e m e l y h e l p f u l i n p r o v i d i n g i n s i g h t i n t o t h e r e l a t i v e e f f e c t s o f f a t i g u e and o v e r l o a d o n c a r b u r i z e d s t e e l p e r f o r m a n c e .
T h i s program h a s f o c u s e d o n p r e m a t u r e f a t i g u e f a i l u r e r e s u l t i n g from o v e rl o a d i n d u c e d c r a c k i n g .
O t h e r r e s e a r c h e r s h a v e l o o k e d a t t h e e f f e c t o f s i m i l a r l o a d i n g s i t ua t i o n s . Work r e p o r t e d by Eagan and S h e l t o n ( 1 ) i l l u s t r a t e d t h a t o v e r l o a d i n g c o u l d d e c r e a s e t h e s u b s e q u e n t h i g h -c y c l e f a t i g u e p e r f o r m a n c e a n d t h a t t h e r e were d i f f e r e n c e s i n t h e way v a r i o u s g r a d e s r e s p o n d e d , w i t h h i g h e r a l l o y e d s t e e l s o u t -p e r f o r m i n g t h e lower a l l o y g r a d e s . Razim(2) r e p o r t e d r e s u l t s from a n i n v e s t i g a t i o n o f what was t e r m e d t h e " i n i t i a l c r a c k s t r e n g t h " o f v a r i o u s g r a d e s o f c a r b u r i z e d s t e e l s .
H i s r e s u l t s showed t h e c r a c k s t r e n g t h (measured i n t e r m s o f s t r e s s a t c r a c k i n g ) was i n v e r s e l y r e l a t e d t o s u r f a c e c a r b o n l e v e l s and d i r e c t l y *Numbers i n p a r e n t h e s e s d e s i g n a t e r e f e r e n c e s a t e n d o f p a p e r .
r
These e a r l i e r r e s u l t s a r e , t o a l a r g e e x t e n t , c o n s i s t e n t w i t h r e c e n t r e s u l t s o b t a i n e d by t h i s l a b o r a t o r y o n t h e p e r f o r m a n c e o f c a r b u r i z e d s t e e l s under combined l o a d t e s t i n g .
More r e c e n t d a t a o n t h i s s u b j e c t have been o b t a i n e d under t h i s p r o g r a m and a b e t t e r u n d e r s t a n d i n g o f t h e i nf l u e n c e o f a l l o y i n g and p r o c e s s i n g h a s r e s u l t e d .
BACKGROUND
The o b j e c t i v e b e h i n d c a r b u r i z e d s t e e l r e s e a r c h i s t o o b t a i n l a b o r a t o r y t e s t r e s u l t s t h a t c a n be r e l a t e d t o i n -s e r v i c e p e r f o r m a n c e . Our e x p e r i e n c e h a s shown t h a t t h e i m p a c t prope r t i e s o f a c a r b u r i z e d s t e e l a r e a good r e l at i v e i n d i c a t o r o f p e r f o r m a n c e i n h e a v i l y l o a d e d a p p l i c a t i o n s .
However, a l a r g e p o r t i o n o f f i e l d f a i l u r e s from s u c h a p p l i c a t i o n s have been d i a g n o s e d a s f a t i g u e t y p e , a n d , i n d e e d , i t i s q u i t e c l e a r t h a t t h e f a i l u r e s h a v e c h a r a c t e r i st i c s t y p i c a l o f f a t i g u e c r a c k p r o p a g a t i o n .
Hence , f a t i g u e p r o p e r t i e s have become more i m p o r t a n t t h a n i m p a c t p r o p e r t i e s .
Numerous e x a m p l e s o f f i e l d p e r f o r m a n c e , t h o u g h , have been shown t o b e u n r e l a t e d t o l a b o r a t o r y f a t i g u e t e s t r e s u l t s .
A r e c e n t example w i l l b e u s e d t o ill u s t r a t e t h e p o i n t .
A g e a r s e t l i k e t h e o n e shown i n F i g u r e 1 was machined from SAE 8620, c a r b u r i z e d and t e s t e d i n a n I n d i a n a p o l i s t y p e r a c e c a r . w h i l e t h i s d e s i g n was s u f f i c i e n t f o r o t h e r e n g i n e s , t h e e n g i n e used i n t h i s c a r had d i f f e r e n t p e rformance c h a r a c t e r i s t i c s , and t h e g e a r s e t f a i l e d p r e m a t u r e l y .
The s u b s t i t u t i o n o f a h i g h e r a l l o y g r a d e , E X 5 5 , was enough t o comp l e t e l y e l i m i n a t e t h e g e a r s e t f a i l u r e s , and t h e g e a r s were used s u c c e s s f u l l y t h r o u g h s e v e r a l r a c e s . Though t h e f a i l e d g e a r s e t s were damaged t o o h e a v i l y f o r f r a c t o g r a p h i c e v a l u a t i o n , t h e r e was n o t h i n g i n t h e f a i l u r e o f t h e SAE 8620 g e a r s t o s u g g e s t t h a t t h e y had f a i l e d i n a s i n g l e i m p a c t t y p e l o a d i n g s i t u a t i o n .
Hence, t h e d i ff e r e n c e between t h e EX55 and SAE 8620 was a sc r i b e d t o d i f f e r e n c e s i n t h e f a t i g u e c h a r a c t e ri s t i c s . S u b s e q u e n t l a b o r a t o r y t e s t i n g o f t h e s e two s t e e l s , o n t h e o t h e r h a n d , i n d i c a t e d t h a t t h e i r h i g h -c y c l e f a t i g u e p r o p e r t i e s were n o t s u f f i c i e n t l y d i f f e r e n t t o a c c o u n t f o r t h e i mp r o v e d p e r f o r m a n c e .
I m p a c t f r a c t u r e t e s t i n g o n F i g . 1 -Racing T r a n s m i s s i o n Gear S e t t h e o t h e r hand, showed a s u b s t a n t i a l a d v a n t a g e o f t h e EX55 o v e r t h e SAE 8620. T e s t r e s u l t s t o be d e s c r i b e d i n l a t e r s e c t i o n s w i l l i l l u s t r a t e t h i s p o i n t f u r t h e r . T h i s s i t u a t i o n i s t y p i c a l o f many t h a t have been i n v e s t i g a t e d .
Hence, t h e a p p r o a c h which h a s been a d o p t e d i s t h a t i n h e a v i l y l o a d e d a p p l i c a t i o n s t h e impact f r a c t u r e p r o p e r t i e s s h o u l d b e t h e i n d i c a t o r o f t h e p e r f o r m a n c e c h a r a c t e r i s t i c s .
However, b e c a u s e o f t h e e mp i r i c a l n a t u r e o f t h e c o r r e l a t i o n between i m p a c t p r o p e r t i e s and p e r f o r m a n c e , t h e r e was a g e n e r a l r e l u c t a n c e t o r e l y o n t h e i m p a c t p r o p e r t i e s f o r m a t e r i a l s e l e c t i o n p u r p o s e s .
~n a d d i t i o n , t h e r e was a s u s p i c i o n t h a t t h e l a b o r a t o r y f a t i g u e t e s t must somehow be d e f i c i e n t f o r i t s i n a b i l i t y t o r e f l e c t t h e d i f f e r e n c e s i n p e r f o r m a n c e s e e n i n s e r v i c e .
A s o l u t i o n t o t h i s c o n t r o v e r s y h a s been s u g g e s t e d by t h e r e c e n t r e s e a r c h done o n combined l o a d i n g o f c a r b u r i z e d s t e e l s . D e t a i l s o f t h e program and some o f t h e i n i t i a l d a t a h a v e been d e s c r i b e d i n a n e a r l i e r p u b l i c a t i o n ( 3 ) .
The combined l o a d i n g t e s t program was i n it i a t e d b a s e d o n e v i d e n c e from numerous s o u r c e s t h a t " c r a c k i n i t i a t i o n " r e p r e s e n t e d a b o u t 90% o f t h e f a t i g u e l i f e o f a c a r b u r i z e d s t e e l . The h y p o t h e s i s was t h a t l o a d s above t h e f a t i g u e l i m i t r e s u l t e d i n p r e m a t u r e c r a c k i n i t i a t i o n and t h a t t h e p r o p e r t i e s g o v e r n i n g c r a c k i n i t ia t i o n would be t h e o n e s c o n t r o l l i n g f a t i g u e p e r f o r m a n c e i n combined l o a d i n g s i t u a t i o n s .
I n i t i a l r e s u l t s showed t h a t l o a d s a b o v e t h e f a t i g u e l i m i t w i l l r e s u l t i n c r a c k i n g p a r t way t h r o u g h t h e c a s e and t h a t p r e m a t u r e f a t i g u e f a i l u r e c a n r e s u l t . The d a t a a l s o i n d i c a t e d t h a t t h e l o a d t o form t h e c r a c k s was r e l a t e d t o t h e i m p a c t f r a c t u r e s t r e s s ( I F S ) o f t h e s t e e l . T h i s c o r r e l a t i o n between t h e I F S and c a s e c r a c k i n g a t t h e O k r p r o v i d e d t h e key t o t h e r e l a t i o n s h i p between i m p a c t p r o p e rt i e s a n d f a t i g u e p e r f o r m a n c e .
T h e s e i n i t i a l r e s u l t s d e m o n s t r a t e d t h a t t h e OLcr was s e n s it i v e t o b o t h a l l o y i n g and l o a d i n g r a t e o r l o a d i n g c o m b i n a t i o n ( i . e . , f a t i g u e p l u s o v e rl o a d ) .
The r e s e a r c h a l s o showed t h a t b o t h O+ a n d IFS v a l u e s i n c r e a s e d w i t h l o a d i n g r a t e a s d o e s f r a c t u r e t o u g h n e s s , s u g g e s t i n g t h a t b o t h O& and I F S were r e l a t e d to t h e c a r b u r i z e d f r a c t u r e t o u g h n e s s o f t h e steel. S u b s e q u e n t w o r k ( 4 ) h a s p o i n t e d o u t t h a t a z o n e of i n t e r g r a n u l a r f r a c t u r e a t t h e i n i t i a t i o n s i t e may be a n i n d i c a t i o n t h a t c r a c k f o r m a t i o n r e s u l t e d from a n o v e r l o a d .
More r e c e n t l a b o r a t o r y work o n t h i s comb i n e d l o a d i n g program h a s f o c u s e d o n t h e e f f e c t s o f a l l o y i n g and p r o c e s s i n g on t h e v a l u e o f Or+, i n a n e f f o r t t o d e t e r m i n e t h e e x t e n t t o which t h e OLcr s t r e s s a n d i m p a c t f r a c t u r e s t r e s s a r e measurements o f t h e same p r o p e r t y . The d a t a have c o n t i n u e d t o show a s t r o n g c o rr e l a t i o n between O& and i m p a c t p r o p e r t i e s . However, t h e s e r e s u l t s h a v e a l s o been i n s t r um e n t a l i n p r o v i d i n g a b r o a d e r p e r s p e c t i v e o n t h e r e l a t i o n s h i p o f a l l o y i n g and p r o c e s s i n g t o t h e h i g h -c y c l e f a t i g u e and t o u g h n e s s p r o p e r t i e s o f c a r b u r i z e d s t e e l s . C o n s e q u e n t l y , r e s u l t s from r e c e n t and p r e v i o u s i n v e s t i g a t i o n s have been e v a l u a t e d t o e s t i m a t e t h e r e l a t i v e import a n c e o f p r o c e s s i n g and a l l o y i n g t o t h e o v e r a l l p e r f o r m a n c e o f c a r b u r i z e d s t e e l s . The f o l l o w i n g e x a m p l e s o f r e s e a r c h d a t a w i l l be used t o i l l u s t r a t e t h a t p r o c e s s i n g v a r i a t i o n s ( i . e . , c a r b u r i z i n g o r s u b s e q u e n t p r o c e s s e s l i k e s h o t -p e e n i n g ) , i n g e n e r a l , seem t o have a dominant e f f e c t o n t h e h i g h -c y c l e f a t i g u e performance b u t a n e g l i g i b l e e f f e c t o n t h e t o u g h n e s s . A l l o y i n g , o n t h e o t h e r hand, w i l l be shown t o h a v e v e r y l i t t l e , o r what m i g h t b e termed a s e c o n d o r d e r , e f f e c t o n f a t i g u e p r o p e r t i e s and y e t a d o m i n a n t i n f l u e n c e o n t h e i m p a c t and o v e r l o a d c h a r a c t e r i s t i c s . 
I n e s s e n c e , what t h e s e o b s e r v a t i o n s s u g g e s t i s t h a t t h e toughn e s s o f t h e c a r b u r i z e d p r o d u c t w i l l be l a r g e l y d e t e r m i n e d by t h e a l l o y c o m p o s i t i o n , w h i l e t h e f a t i g u e p r o p e r t i e s w i l l be c o n t r o l l e d by t h e t y p e o f p r o c e s s i n g t h a t i s used.

PROCEDURE
Most o f t h e f a t i g u e , i m p a c t and combined l o a d t e s t i n g c o n d u c t e d by t h i s l a b o r a t o r y h a s b e e n p e r f o r m e d u s i n g t h e specimen geometry shown i n F i g u r e 2. The d e s i g n s i m u l a t e s a g e a r t o o t h , and t h e r o o t s e c t i o n d i m e n s i o n s a r e v e r y s i m i l a r t o t h o s e o f t h e g e a r s shown i n F i gu r e 1. Loading i s a c c o m p l i s h e d i n a c a n t i l e v e r f a s h i o n . I m p a c t f r a c t u r e t e s t i n g is c o n d u c t e d w i t h a Charpy i m p a c t t e s t e r i n t h e manner o f a n I z o d t e s t . Combined l o a d i n g t e s t s and high-
r a c k f o r m a t i o n and h a s been d e s i g n a t e d t h e OLcr. A s i m i l a r a p p r o a c h h a s been u s e d i n i
m p a c t and combined l o a d i n g tests t o d e t e r m i n e
OLcr v a l u e s .
Because t h e c o n c e p t o f t h e O b r h a s been i n s t r u m e n t a l i n d e v e l o p m e n t o f t h e r e l a t i o n s h i p
showing t h e i n f l u e n c e o f p r o c e s s i n g and a l l o y i n g o n p e r f o r m a n c e , i t is u s e f u l t o r e v i e w b r i e f l y some o f t h e r e c e n t t e s t o b s e r v a t i o n s .
One o f t h e i n i t i a l i n v e s t i g a t i o n s f o c u s e d o n l o a d i n g r a t e s e n s i t i v i t y o f O k r a n d f r a c t u r e . The r e s u l t s i l l u s t r a t e d i n F i g u r e 5 show f r a c t u r e stress and O k r v a l u e s o b t a i n e d a t d i f f e r e n t l o a d i n g r a t e s ( l o a d c o n v e r t e d t o stress) i n m o n o t o n i c bending.
Both t h e OLcr and t h e f r a c t u r e s t r e s s a r e h e a v i l y d e p e n d e n t o n t h e l o a d i n g r a t e under which t h e y a r e measured.
The v a l u e o f s t r e s s o b t a i n e d is p r o p o r t i o n a l t o
t h e l o a d i n g r a t e . These r e s u l t s a l s o i l l u s t r a t e t h e i n f l u e n c e o f a l l o y i n g o n t h e IFS and OLcr v a l u e s o b t a i n e d .
The h i g h e r a l l o y e d EX55 h a s h i g h e r v a l u e s o f OLcr a n d I F S a t a l l l o a d i n g r a t e s t h a n t h e lower a l l o y EX24 o r 18CrMo4.
The combined l o a d t e s t i n g p r o g r a m employs t h e c o m p u t e r -c o n t r o l l e d t e s t i n g r e g i m e i l l u st r a t e d i n F i g u r e 6 . I n t e r m i t t e n t a n d l i n e a r l y i n c r e a s i n g o v e r l o a d " s p i k e s " a r e programmed t o o c c u r a f t e r e v e r y 1000 h i g h f r e q u e n c y ( c o n s t a n t a m p l i t u d e ) f a t i g u e l o a d i n g c y c l e s .
OLcr v a l u e s a r e e s t a b l i s h e d a t t h e p o i n t where t h e l o a d / d i s p l a c e m e n t v a l u e s o b t a i n e d from t h e peak v a l u e s o f t h e o v e r l o a d s p i k e s a r e n o l o n g e r l i n e a r . The c h a r a c t e r i s t i c s o f t h e l o a d v e r s u s d i s p l a c e m e n t c u r v e from t h i s t e s t program a r e v e r y s i m i l a r t o t h e c u r v e shown i n F i g u r e 4 e x c e p t t h a t t h e d a t a a r e d i s c r e t e r a t h e r t h a n c o n t i n u o u s .
F i g u r e 7 i l l u s t r a t e s t h e g e n e r a l 
t i o n s h i p o b s e r v e d between IFS v a l u e s a n d t h e OLcr v a l u e s o b t a i n e d a t v a r i o u s l o a d i n g r a t e s and a s o b t a i n e d i n t h e combined l o a d t e s t s .
A s t h e l o a d i n g r a t e d e c r e a s e s o r when t h e r e i s combined l o a d i n g , t h e OLcr v a l u e a p p r o a c h e s 50% o f t h e measured IFS.
The i l l u st r a t i o n a l s o i n d i c a t e s t h a t t h e h i g h e r t h e IFS v a l u e t h e h i g h e r t h e OLcr v a l u e r e g a r d l e s s o f l o a d i n g c o n d i t i o n .
A b r i e f e v a l u a t i o n o f t h e i n f l u e n c e o f t h e h i g h -c y c l e f a t i g u e s t r e s s d u r i n g t h e combined l o a d t e s t o n measured O k r v a l u e s was a l s o u n d e r t a k e n . R e s u l t s a r e shown i n F i g u r e 8 f o r two low a l l o y s t e e l s e a c h t e s t e d a t t h r e e d i ff e r e n t l e v e l s o f f a t i g u e s t r e s s . With t h e e x c e p t i o n o f t h i s e x p e r i m e n t , t h e f a t i g u e l o a d s were m a i n t a i n e d a t a c o n s t a n t v a l u e o f 850 MPa ( 1 2 3 k s i ) .
The d a t a i nd i c a t e t h a t t h e
T h e s e e x a m p l e s i l l u s t r a t e t h a t t h e v a l u e s o f OLcr and IFS w i l l b e v e r y d e p e n d e n t o n t h e c i r c u m s t a n c e s under which t h e y a r e d e t e r m i n e d .
The r e s u l t s a l s o s u g g e s t t h a t , w h i l e t h e s e t e s t r e s u l t s a r e r e l a t e d t o t h e p r o p e r t i e s o f t h e m a t e r i a l , t h e OLcr and IFS v a l u e s a r e r e l at i v e q u a n t i t i e s and c a n b e e x p e c t e d t o v a r y from o n e a p p l i c a t i o n t o a n o t h e r . T e s t r e s u l t s o b t a i n e d s o f a r , however, i n d i c a t e t h a t e i t h e r t h e IFS o r t h e
OLcr c a n b e u s e d a s a r e l i a b l e i n d i c a t i o n o f t h e a b i l i t y o f a s t e e l t o r e s i s t c r a c k i n i t i a t i o n t h a t would l e a d t o p r e m a t u r e f a t i g u e f a i l u r e .
RESULTS AND DISCUSSION
FATIGUE PEWORMANCE -I n t h e e v a l u a t i o n o f OL,, c h a r a c t e r i s t i c s , i t became e v i d e n t t h a t , i n g e n e r a l , a l l o y i n g seemed to p l a y a much g r e a t e r r o l e t h a n p r o c e s s i n g , a s i t u a t i o n s i m i -
and I F S v a l u e s .
S h o t P e e n i n g -I t is a commonly a c c e p t e d f a c t t h a t s h o t p e e n i n g w i l l u s u a l l y b o o s t t h e h i g h -c y c l e f a t i g u e p e r f o r m a n c e o f a c a r b u r i z e d p a r t . T h i s h a s been d e m o n s t r a t e d many t i m e s i n l a b o r a t o r y t e s t s and i n f i e l d p e r f o r m a n c e . The r e s u l t s i n F i g u r e 9 , showing n e a r l y a 50% i nc r e a s e i n t h e f a t i g u e l i m i t f o r a n SAE 4028 s t e e l , a r e a t y p i c a l i l l u s t r a t i o n o f t h e magnit u d e o f t h e improvement t h a t s h o t p e e n i n g c a n p r o d u c e ( 5 ) . Though t h e r e may b e s e v e r a l c h a n g e s t a k i n g p l a c e a t t h e s u r f a c e a s a r e s u l t o f t h e p e e n i n g , t h e most s i g n i f i c a n t is t h f a t i g u e p r o p e r t i e s and t h a t i t is o f g r e a t e s t v a l u e when i t o c c u r s a t o r v e r y n e a r t o t h e s u r f a c e o f t h e p a r t ( 6 ) . S h o t p e e n i n g d o e s prod u c e t h i s t y p e o f a n i n c r e a s e i n c o m p r e s s i v e r e s i d u a l s t r e s s a t t h e v e r y s u r f a c e a n d , h e n c e , t h e improved f a t i g u e p r o p e r t i e s a r e t o b e e x p e c t e d . ' F i g u r e 1 0 i l l u s t r a t e s t h e improvement i n f a t i g u e l i m i t t h a t c a n r e s u l t from s u c h a p r o c e s s . I n t h i s example," c a r b o n i t r i d i n g , a s compared t o c o n v e n t i o n a l c a r b u r i z i n g , i n c r e a s e d t h e f a t i g u e l i m i t o f EX24 ( a CrMo a l t e r n a t e f o r SAE 8620) by a b o u t 28% and t h a t o f EX55 ( a h i g h a l l o y NiCrMo c a r b u r i z i n g g r a d e ) was i n c r e a s e d by a b o u t 3 7 % . I n c o n t r a s t t o c o n v e n t i o n a l c a rb o n i t r i d i n g , t h i s p r o c e s s produced a h i g h f r a ct i o n o f r e t a i n e d a u s t e n i t e i n a v e r y t h i n l a y e r * C a r b o n i t r i d i n g performed by Komatsu, L t d . , u s i n g a s p e c i a l l y d e s i g n e d "KH" p r o c e s s ( 7 )
C a r b o n i t r i d i n g -
The l a y e r was t h i n enough so t h a t HRC h a r d n e s s v a l u e s were n o t i n f l u e n c e d .
However, under s t r e s s t h e a u s t e n i t e t r a n s f o r m e d to mart e n s i t e , p r o d u c i n g an i n c r e a s e i n t h e compress i v e r e s i d u a l s t r e s s i n a manner s i m i l a r t o s h o t p e e n i n g . R e t a i n e d a u s t e n i t e measurements b e f o r e and a f t e r t e s t i n g i n d i c a t e d a u s t e n i t e t r a n s f o r m a t i o n o c c u r r e d d u r i n g t e s t i n g .
Though r e s i d u a l s t r e s s measurements were n o t o b t a i n e d , t h e improvement i n f a t i g u e l i m i t was p r o b a b l y r e l a t e d t o t h e i n c r e a s e i n c o m p r e s s i v e r e s i d u a l s t r e s s produced by t h e t r a n s f o r m a t i o n o f a u st e n i t e under s t r e s s .
Although t h e more h i g h l y a l l o y e d EX55 had b e t t e r f a t i g u e p r o p e r t i e s t h a n EX24, t h e p e r c e n t a g e i n c r e a s e a t t r i b u t a b l e to c a r b o n i t r i d i n g was g r e a t e r t h a n t h a t a s s o c i a t e d w i t h t h e c h a n g e i n a l l o y c o n t e n t , which i l l u st r a t e s t h e p r i m a r y i n f l u e n c e o f p r o c e s s i n g and s e c o n d a r y i n f l u e n c e o f a l l o y i n g o n t h e h i g hc y c l e f a t i g u e p r o p e r t i e s . The t r a n sf o r m a t i o n o f t h e r e t a i n e d austenite by s u b -z e r o t r e a t m e n t and t e m p e r i n g r e s u l t e d i n a s u b s t a nt
Deep F r e e z i n q -I n t h e a b o v e i n s t a n c e ; t h e n i t r o g e n a n d , h e n c e , t h e h i g h r e t a i n e d a u s t e n i t e l a y e r was c o n f i n e d t o a t h i n l a y e r o n t h e s u rf a c e . I n t h e i l l u s t r a t i o n o f h i g h -c y c l e f a t i g u e d a t a shown i n F i g u r e 11, t h e EX55 s t e e l was c a r b o n i t r i d e d u s i n g a more c o n v e n t i o n a l p r o c e s s t h a t p r o d u c e s d e e p e r n i t r o g e n p e n e t r a t i o n . ( 5 ) I n t h e c a r b o n i t r i d e d and tempered c o n d i t i o n , t h e f a t i g u e l i m i t v a l u e s were v e r y s i m i l a r t o t h o s e o b t a i n e d i n F i g u r e 1 0 f o r t h e EX55 s t e e l . I n c o n t r a s t t o t h e p r e v i o u s e x a m p l e , i n t h i s i n v e s t i g a t i o n t h e r e t a i n e d a u s t e n i t e was
i a l f a t i g u e l i m i t r e d u c t i o n o f a b o u t 6 0 % a 3 compared w i t h t h e u n t r e a t e d c o n d i t i o n . R e s i d u a l s t r e s s measurements i n t h e s u b -z e r o t r e a t e d s t e e l showed a h i g h t e n s i l e r e s i d u a l s t r e s s i n t h e u n t r a n s f o r m e d p o r t i o n o f t h e a u s t e n i t e p h a s e which was assumed t o b e r e l a t e d t o t h e poor f a t i g u e p e r f o r m a n c e ( 5 ) .
A l l o y i n q -The above t h r e e e x a m p l e s i l l u st r a t e t h e maqnitude o f t h e e f f e c t t h a t p r oc e s s i n g c a n have o n t h e f a t i g u e p e r f o r m a n c e o f c a r b u r i z e d o r c a r b o n i t r i d e d s t e e l s . Along w i t h c h a n g e s i n p r o c e s s i n g , t h e a s s u m p t i o n i s o f t e n
CYCLES F i g . 11 -High-Cycle F a t i g u e R e s u l t s f o r C a rb o n i t r i d e d EX55 B e f o r e and A f t e r Deep F r e e z i n g made t h a t c h a n g e s i n t h e a l l o y c o n t e n t o f a s t e e l c a n a l s o i n f l u e n c e t h e h i g h -c y c l e f a t i g u e p e r f o r m a n c e .
However, t h e e x p e r i e n c e i n t h i s l a b o r a t o r y i s t h a t t h e i n f l u e n c e o f a l l o y i n g v a r i a t i o n s ( o t h e r t h a n c o r e c a r b o n ) would have t o be r e g a r d e d a s a "second o r d e r " e f f e c t i n comparison t o t h a t o f p r o c e s s i n g u n l e s s t h a t a l l o y i n g s i g n i f i c a n t l y a l t e r s t h e m i c r o s t r u c t u r e o r h a r d n e s s a t t h e s u r f a c e o f t h e c a r b u r i z e d c a s e .
The f o l l o w i n g e x a m p l e s i l l u s t r a t e t h e p o i n t .
F i g u r e 1 2 i l l u s t r a t e s t h e h i g h -c y c l e f a t i g u e p e r f o r m a n c e i n a l a b o r a t o r y t e s t o f two low a l l o y s t e e l s (EX24 and 18CrMo4) and o n e h i g h a l l o y g r a d e (EX55). The steels were p r o c e s s e d and t e s t e d i n a s i m i l a r manner, and i t was a p p a r e n t t h a t t h e d i f f e r e n c e s were n o t s i g n i f ic a n t .
I n t h i s i n s t a n c e , a l l o y i n g d i d n o t p l a y a major r o l e i n t h e f a t i g u e p e r f o r m a n c e .
I n a n o t h e r i n v e s t i g a t i o n , t h r e e c a r b u r i z e d s t e e l s c o n s i s t i n g o f CrMo and NiMo t y p e s were p r o c e s s e d and t e s t e d i n a s i m i l a r manner w i t h r e s u l t s a s shown i n F i g u r e 1 3 . The h a r d e n a b i l i t y r a n g e o f t h e s e s t e e l s was between 4 1 and 56 mm (1.6 and 2.2 i n . ) .
Again, t h e c o n c l u s i o n was t h a t t h e a l l o y v a r i a t i o n d i d n o t have a major i n f l u e n c e o n f a t i g u e p e r f o r m a n c e . 
Another i n v e s t i g a t i o n was d i r e c t e d a t e v a l u a t i n g t h e e f f e c t s o n f a t i g u e p e r f o r m a n c e o f t w o steels a s a f u n c t i o n o f c a r b u r i z i n g temp e r a t u r e , a n d r e h e a t f o l l o w i n g c a r b u r i z i n g ( 8 ) . The d a t a i n F i g u r e 1 4 i l l u s t r a t e t h e f a t i g u e r e s u l t s f o l l o w i n g t h e p r o g r a m s shown a t t h e b o t t o m o f t h e f i g u r e .
The t w o s t e e l s were EX30 a n d SAE 8720.
These s t e e l s h a v e h a r d e n a b i l i t y and c o r e c a r b o n l e v e l s a s shown i n T a b l e 1. The r e s u l t s i n d i c a t e d t h a t t h e EX30 h a d , o n
a v e r a g e , a b o u t a 30% h i g h e r f a t i g u e l i m i t t h a n t h e SAE 8720 s t e e l . A t f i r s t g l a n c e o n e might c o n c l u d e t h a t a l l o y i n g d i d h a v e a n e f f e c t o n t h e f a t i g u e p e r f o r m a n c e o f t h e s e steels.
However,
p a r t o f t h i s d i f f e r e n c e c o u l d be r e l a t e d t o t h e d i f f e r e n c e i n t h e c o r e c a r b o n l e v e l s , s i n c e p u b l i s h e d work h a s shown t h a t lower c o r e c a r b o n is f a v o r e d f o r h i g h -c y c l e f a t i g u e p r o p e r t i e s ( 9 ) . The r e s u l t s from F i g u r e s 12-14 s u g g e s t t h a t a l l o y i n g v a r i a t i o n s d o n o t have a s l a r g e a n e f f e c t o n f a t i g u e p r o p e r t i e s a s v a r i o u s p r oc e s s i n g t e c h n i q u e s . T h e s e tests d o n o t t a k e i n t o c o n s i d e r a t i o n t h e e f f e c t o f a l l o y i n g o n c a s e h a r d e n a b i l i t y , o r o n n o n -m a r t e n s i t i c t r a n s f o r m a t i o n t h a t c a n o c c u r i n a l l o y (Cr and
Mn) d e p l e t i o n z o n e s a t t h e s u r f a c e .
T h e r e f o r e , i t must be n o t e d t h a t a l l o y i n g may v e r y w e l l i n f l u e n c e f a t i g u e p e r f o r m a n c e , b u t i n ways t h a t are n o t a p p a r e n t i n most l a b o r a t o r y tests.
However, b a s e d o n t h e d a t a t h a t have been obt a i n e d , it is c o n c l u d e d t h a t t h e e f f e c t o f a l l o y i n g o n h i g h -c y c l e f a t i g u e p e r f o r m a n c e is o f s e c o n d a r y i m p o r t a n c e t o t h a t o f p r o c e s s i n g . TOUGHNESS P r o c e s s i n q -B e c a u s e p u b l i s h e d t h e o r e t ic a l ( 1 0 ) and e x p e r i m e n t a l ( 3 ) r e s u l t s have shown a r e l a t i o n s h i p between f r a c t u r e t o u g h n e s s c h a r a c t e r i s t i c s o f a c a r b u r i z e d s t e e l and t h e measured IFS and OLcr v a l u e s , t h e IFS a n d O k , : v a l u e s w i l l b e u s e d a s m e a s u r e s o f t h e t o u g h n e s s o f t h e s t e e l i n t h e c a r b u r i z e d c o n d it i o n . I F S and O k r d a t a a r e n o t a v a i l a b l e f o r a l l o f t h e
A r e v i e w o f t h e I F S and O k r d a t a from some o f t h e s e e a r l i e r e x a m p l e s w i l l i l l u s t r a t e t h a t , i n most c a s e s , p r o c e s s e s t h a t i n f l u e n c e f a t i g u e p e r f o r m a n c e d o n o t have a m a j o r e f f e c t o n t o u g h n e s s c h a r a c t e ristics.
The e f f e c t o f s h o t p e e n i n g o n t o u g h n e s s a s compared w i t h f a t i g u e p r o p e r t i e s is shown i n F i g u r e 1 5 . H i g h -c y c l e f a t i g u e l i m i t v a l u e s f o r c a r b u r i z e d and t e m p e r e d s p e c i m e n s (from F i gu r e 9 ) a r e c o n t r a s t e d w i t h t h e IFS v a l u e s obt a i n e d b e f o r e a n d a f t e r p e e n i n g .
Whereas t h e f a t i g u e l i m i t is i n c r e a s e d by a b o u t 40% by p e e n i n g , I F S v a l u e s a r e u n a f f e c t e d . 
I n t h i s i n s t a n c e , a comp a r i s o n i s shown between t h e f a t i g u e l i m i t v a l u e s ( o b t a i n e d from F i g u r e 1 0 ) a n d t h e O k r v a l u e s .
A s shown f o r s h o t p e e n i n g , p r o c e s s i n g ( c a r b o n i t r i d i n g ) h a s a major e f f e c t o n t h e f a t i g u e p r o p e r t i e s and l i t t l e o r no b e n e f i c i
u l t i n lower i n i t i a l c r a c k s t r e n g t h v a l u e s . I n t h i s c o n t e x t , t h e s u r f a c e c a r b o n l e v e l would b e c o n s i d e r e d a p r o c e s s r e l a t e d v a r i a b l e . Hence, t h i s s i t u a t i o n would r e p r es e n t a n e x c e p t i o n t o t h e g e n e r a l i z a t i o n t h a t p r o c e s s i n g d o e s n o t h a v e a major e f f e c t o n t o u g h n e s s c h a r a c t e r i s t i c s .
I n a r e c e n t i n v e st i g a t i o n , t h e i n f l u e n c e o f s u r f a c e c a r b o n l e v e l o n OTTr v a 1 e e s wes r e e x a m i n e d : C a r i n n conc e n t r a t i o n p r o f i l e s f o r t h e s t e e l s i n v o l v e d a r e shown i n F i g u r e 1 8 . R e s u l t s o f t h e i n v e s t i g at i o n shown i n F i g u r e 1 9 compare t h e OLcr v a l u e s o b t a i n e d i n b o t h s l o w bend ( m n o t o n i c t e s t i n g ) and combined l o a d ( c y c l i c t e s t i n g ) f o r t h e t w o l o w a l l o y s t e e l s . A s would b e e x p e c t e d , r e s u l t s f o r t h e bombined l o a d i n g a r e lower and t h e r e is v e r y good a g r e e m e n t i n t h e t r e n d s between t h e monotonic and combined l o a d t e s t r e s u l t s .
OLcr v a l u e s show a s l i g h t d e c r e a s e w i t h i n c r e a s i n g s u r f a c e c a r b o n l e v e l s , b u t subs t a n t i a l l y less t h a n t h a t p r e d i c t e d by R a z i m ( 2 ) . One o f t h e r e a s o n s f o r t h e d e c r e a s e i n OLpr w i t h s u r f a c e c a r b o n i n t h e p r e s e n t i n v e s t i g a t i o n c o u l d b e b e c a u s e t h e c a s e d e p t h i n c r e a s e d w i t h s u r f a c e c a r b o n l e v e l s .
The n e g a t i v e i n f l u e n c e o f c a s e d e p t h o n t o u g h n e s s w i l l b e d i s c u s s e d s u b s e q u e n t l y .
T h e o r e t i c a l models h a v e been employed t o i s o l a t e t h e i n f l u e n c e o f f a c t o r s s u c h a s comp r e s s i v e r e s i d u a l s t r e s s and f r a c t u r e t o u g h n e s s o n t h e f a t i g u e and t o u g h n e s s p r o p e r t i e s o f c a r b u r i z e d s t e e l s ( 6 , l o ) . These models have shown t h a t v a r i a b l e s w i t h a s t r o n g i n f l u e n c e o n s u r f a c e c o m p r e s s i v e r e s i d u a l s t r e s s l e v e l s w i l l a l s o h a v e a s t r o n g i n f l u e n c e o n t h e h i g h -c y c l e f a t i g u e p r o p e r t i e s .
C o n v e r s e l y , t h o s e f a c t o r s i n f l u e n c i n g f r a c t u r e t o u g h n e s s w i l l have a s t r o n g i n f l u e n c e o n i m p a c t p r o p e r t i e s .
The e x a m p l e s d e s c r i b e d above i l l u s t r a t e t h e d e g r e e t o which p r o c e s s i n g v a r i a t i o n s c a n i n f l u e n c e The r e a s o n t h a t t h e c h a n g e s i n p r o c e s s i n g d o n o t p r o d u c e c h a n g e s i n t h e i m p a c t p r o p e r t i e s is b e c a u s e t h e r e is i n s u f f ic i e n t c h a n g e i n t h e f r a c t u r e t o u g h n e s s . The p r o c e s s i n g e x a m p l e s d e s c r i b e d i n F i g u r e s 1 5 , 1 6 and 1 7 i n f l u e n c e t h e s u r f a c e o f t h e specimen and n o t d e e p i n t h e c a s e o r t h e c o r e . The assumpt i o n made e a r l i e r was t h a t c h a n g e s i n f r a c t u r e t o u g h n e s s would b e r e f l e c t e d i n t h e I F S and OLcr r e s u l t s .
F i g u r e 20 shows t h e b e h a v i o r p r e d i c t e d ' from t h e o r e t i c a l modeling ( 1 0 ) f o r t h e I F S w i t h c h a n g e s i n t h e c o r e f r a c t u r e t o u g h n e s s f o r two c a r b u r i z e d c a s e d e p t h s .
The model p r ed i c t s lower v a l u e s o f IFS f o r d e e p e r c a s e d e p t h s ( h e n c e , t h e r e d u c t i o n i n OLcr w i t h d e e p e r c a s e d e p t h s shown i n F i g u r e s 1 8 and 1 9 ) . Howe v e r , t h e r e i s a s t r o n g p o s i t i v e c o r r e l a t i o n between c o r e f r a c t u r e t o u g h n e s s and IFS v a l u e s . F r a c t u r e Toughness and I m p a c t F r a c t u r e S t r e s s a t Two Case Depths l o w e r f r a c t u r e t o u g h n e s s v a l u e s . I n a r e c e n t i n v e s t i g a t i o n , t h e i n f l u e n c e o f p h o s p h o r u s and n i t r o g e n l e v e l s o n s e v e r a l MnCr a n d CrMo t y p e s t e e l s was d e t e r m i n e d . Average IFS and OLcr v a l u e s f o r t h e v a r i o u s t y p e s o f s t e e l a r e shown i n F i g u r e 21. Both n i t r o g e n a n d p h o s p h o r u s were shown t o be d e t r i m e n t a l t o t o u g h n e s s . Though t h i s i n v e s t i g a t i o n was u n d e r t a k e n to i l l u s t r a t e t h e a d v a n t a g e o f molybdenum g r a d e c a r b u r i z i n g steels o v e r MnCr t y p e s a t s i m i l a r i m p u r i t y l e v e l s , t h e r e s u l t s a l s o c o n f i r m t h e r e l a t i o ns h i p shown p r e v i o u s l y i n F i g u r e 20 between f r a c t u r e t o u g h n e s s and I F S v a l u e s . Although t h e d e l e t e r i o u s e f f e c t o f phosp h o r u s o n IFS c a n be e x p e c t e d , i t is n o t s o w e l l known t h a t c o r e n i t r o g e n l e v e l s a l s o i n f l u e n c e f r a c t u r e p r o p e r t i e s . E a r l i e r work p u b l i s h e d by t h i s l a b o r a t o r y i n d i c a t e d t h a t n i t r o g e n c o u l d b e d e l e t e r i o u s ( l 1 ) .
T h e s e r e s u l t s a r e a l s o c o n s i s t e n t w i t h t h e r e p o r t e d u s e o f b o r o n i n a n 4"I .A. = none added and n o t E l e m e n t , W t -% a n a l y z e d . s c a v a n g e n i t r o g e n f o r improved t o u g h n e s s . The e f f e c t o f n i t r o g e n was n o t a s d r a s t i c a s t h a t o f p h o s p h o r u s ( f o r t h e r a n g e o f N a n d P l e v e l s s t u d i e d ) , b u t t h e magnitude o f t h e e f f e c t was s i m i l a r t o t h e d i f f e r e n c e i n IFS and OLcr v a l u e s between t h e MnCr and CrMo s t e e l s .
S o f a r t h e i n f l u e n c e o f p h o s p h o r u s a n d n i t r o g e n o n h i g h -c y c l e f a t i g u e p r o p e r t i e s h a s n o t b e e n d e t e r m i n e d .
A n o t h e r a l l o y i n g f a c t o r t h a t h a s been shown t o i n f l u e n c e f r a c t u r e p r o p e r t i e s is t h e aluminum c o n t e n t o f t h e s t e e l (11). R e s u l t s i n t h e upper g r a p h o f F i g u r e 22 show a n i n v e r s e c o r r e l a t i o n between aluminum c o n t e n t and t h e I F S v a l u e s o f f i v e d i f f e r e n t s t e e l s . The g r a p h i n t h e l o w e r p o r t i o n o f F i g u r e 22 i n d i c a t e s t h a t t h e e f f e c t o f aluminum was a c t u a l l y a n i n d i r e c t e f f e c t i n t h a t c h a n g e s i n t h e aluminum l e v e l s r e s u l t e d i n v a r i a t i o n i n g r a i n s i z e .
The g r a i n s i z e i n f l u e n c e o n h a r d e n a b i l i t y ( l a r g e r g r a i n s i z e p r o d u c e d h i g h e r h a r d e n a b i l i t y ) r e s u l t e d i n d i f f e r e n t c o r e m i c r o s t r u c t u r e s a n d , h e n c e , d i ff e r e n c e s i n t h e c o r e f r a c t u r e t o u g h n e s s which r e g i s t e r e d a s lower IFS v a l u e s f o r f i n e r g r a i n e d s t e e l s . optimum h i g h -c y c l e f a t i g u e p e r f o r m a n c e , b u t , t o t h e e x t e n t t h a t s t r e s s e s above t h e f a t i g u e l i m i t a r e e n c o u n t e r e d , t h e a l l o y m u s t be d e s i g n e d w i t h a d e q u a t e t o u g h n e s s . The i l l u s t r a t i o n i n F i g u r e 24 a l s o p r o v i d e s a n e x p l a n a t i o n o f how t h e p e r f o r m a n c e o f a c a rb u r i z e d s t e e l may be g o v e r n e d by t h e t o u g h n e s s and y e t f a i l i n c i r c u m s t a n c e s which a p p e a rC. K i m , D. E. D i e s b u r g a n d R. M . Buck, " I n f l u e n c e o f Sub-Zero and Shot-Peening T r e a t m e n t s o n I m p a c t and F a t i g u e F r a c t u r e P r o p e r t i e s o f Case-Hardened S t e e l s , " J o u r n a l o f Heat T r e a t i n g , May 1 9 8 1 , pp 43-53.
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